We measure the mean lifetime, τ = 2/(ΓL + ΓH), and the decay-width difference, ∆Γ = ΓL − ΓH , of the light and heavy mass eigenstates of the B −0.063 (stat.) ± 0.006(syst.) ps −1 and τ = 1.52 ± 0.04(stat.) ± 0.02(syst.) ps, the most precise measurements to date. Our constraints on the weak phase and ∆Γ are consistent with CP conservation.
Dedicated to the memory of our dear friend and colleague, Michael P. Schmidt PACS numbers: 13.25.Hw, 11.30.Er, 14.40.Nd In the standard model (SM), the mass and flavor eigenstates of the B 0 s meson differ. This gives rise to particle-antiparticle oscillations [1] , which proceed in the SM through weak interaction processes, and whose phenomenology depends on the CabibboKobayashi-Maskawa (CKM) quark mixing matrix. The time (t) evolution of B 0 s mesons is governed by the Schrödinger equation
, with mass matrix M and decay matrix Γ. The mass dif- [2] . The mean lifetime, τ = 2/(Γ L + Γ H ), is expected to be equal to the mean B 0 lifetime within 1 % [3] . The decay-width difference, ∆Γ = Γ L − Γ H , is predicted in the SM to be 0.096 ± 0.039 ps −1 [4] and was first measured by the CDF Collaobarion [5] and, recently, by the D0 Collaboration with higher precision [6] . It depends on the CP -violating weak phase difference between the B 
Charge-conjugate modes are implied throughout this paper. We also extract information about the weak phase 2β s . The final state is a mixture of CP -even and CP -odd states that are distinguished using the angular distributions of the decay products. Since the B 0 s is a pseudoscalar and the J/ψ and φ are vector mesons, the orbital angular momentum between the two decay products can have the magnitudes ℓ = 0, 1, or 2. The final state is CP -even in S-and D-wave decays and CP -odd in P-wave decays. The angular distributions are expressed in terms of three angles, θ T , φ T , and ψ T , defined in the transversity basis [7] . The angles θ T and φ T are the polar and azimuthal angles of the µ + in the rest frame of the J/ψ, where the x-axis is defined by the momentum direction of the B The data were collected by the CDF II detector at the Fermilab Tevatron pp collider between February 2002 and January 2007, and correspond to an integrated luminosity of 1.7 fb −1 . The CDF II detector [8] consists of a magnetic spectrometer surrounded by electromagnetic and hadronic calorimeters and muon detectors. The tracking system is composed of a silicon micro-strip detector [9] surrounded by an open-cell drift chamber (COT) [10] . We detect muons in planes of multiwire drift chambers and scintillators [11] in the pseudorapidity range |η| ≤ 1.0. Charged particle identification is provided by the time-of-flight system [12] , complemented by the ionization-energy-loss measurement in the COT (dE/dx). Events with J/ψ → µ + µ − decays used in this analysis were recorded using a dimuon trigger, which required two oppositely-charged COT tracks matched to muon chamber track segments with a dimuon mass between 2.7 and 4.0 GeV/c 2 . In the offline analysis, B 0 s → J/ψ φ decays are reconstructed following the procedure described in Ref. [5] . We train an artificial neural network (ANN) to separate B 0 s decays from the combinatorial background, which is the dominant one. We model the signal with simulated events and use data from B 0 s mass sidebands (see Fig. 1 ) to model the combinatorial background. The input variables to the ANN are kinematic quantities, vertex fit quality parameters, and particle-identification information obtained from the muon system, the time-of-flight detector, and the dE/dx measurements. The requirement on the ANN output is selected by maximizing the significance S/ √ S + B on data where S (B) is the number of signal (background) events in a ±20 MeV/c 2 window around the B 0 s mass peak position. The selected sample contains about 2500 B 0 s → J/ψ φ decays. The resulting mass distribution is shown in Fig. 1 .
To extract τ and ∆Γ, we perform an unbinned max- imum likelihood fit with probability density functions (PDFs) depending on mass, lifetime, and transversity angles. For the probability density functions (PDFs) of the background, we use empirical models with floating fit parameters determined from the data. The background has a prompt component and a non-prompt component. The mass PDF is parametrized by a straight-line function for each component. The lifetime distribution is described by a delta function at t = 0 for the prompt component, a positive exponential for the long-lived non-prompt component, and a negative and positive exponential for mismeasured candidates. All lifetime components are convolved with a Gaussian to account for the lifetime resolution estimated on a candidate-by-candidate basis. Because correlations among the three angles are negligible, we factorize the angular PDF as a product of polynomials in cos 2 (θ T ), cos(2φ T ) and cos(ψ T ). The angular distributions of prompt and non-prompt background events agree within uncertainties, and are chosen to be identical in the likelihood function.
For the signal, the mass distribution is described by the sum of two Gaussians. The lifetime and the angles ρ = (cos(θ T ), φ T , cos(ψ T )) are correlated for B 0 s signal events. The lifetime-angular distribution without acceptance effects is given by
where
The quantities A 0 , A ⊥ and A || are the linear polarization amplitudes at t = 0, and δ ⊥ and δ || are the strong phases of A ⊥ and A || relative to A 0 , respectively. The lifetime-angle distribution is invariant under each of the two transformations (2β s → −2β s , δ ⊥ → δ ⊥ + π) and (∆Γ → −∆Γ, 2β s → 2β s + π). Because of this four-fold ambiguity, this measurement is insensitive to the sign of both 2β s and ∆Γ.
The signal lifetime terms are convolved with the same Gaussian resolution function used for the background, which employs the candidate-by-candidate lifetime uncertainty. To account for different distributions of the lifetime uncertainty between signal and background, their PDFs are included in the likelihood. These PDFs are derived from sideband-subtracted signal events and from sideband events, respectively.
The angular distribution of B 0 s decays described in Eq. (1) is modified by detector acceptance as well as trigger and selection efficiencies. This effect is taken into account with an acceptance function, ǫ( ρ), derived from simulated B 0 s → J/ψ φ decays. The factor ǫ( ρ) is described by a three-dimensional histogram with 20 bins in each of the angles.
We consider possible systematic uncertainties due to the signal mass model, the lifetime resolution model, the O(3 %) contamination by B 0 → J/ψ K * decays misreconstructed and selected as B The first uncertainties are statistical, the second ones systematic. We do not quote a point-estimate of the strong phase δ || because its likelihood profile is non-parabolic due to a symmetry point at δ || = π which makes an uncertainty estimate unreliable. This analysis is insensitive to the second strong phase δ ⊥ if 2β s = 0 (see Eq. (1)). The invariant mass, proper decay time, and angular distributions with fit projections overlaid are shown in Figs. 1 to 3. The measured mean lifetime is compatible with the B 0 lifetime [13] as predicted by theory [3] . The measured amplitudes are consistent with the ones observed in B 0 → J/ψ K * decays [14] as expected under the assumption of SU (3) flavor symmetry.
For the constraints on the CP -violating phase, we construct a 90 (95) % confidence level region in the 2β s -∆Γ plane using the likelihood-ratio ordering of Feldman and Cousins [15] . We choose this method instead of a point estimate, because it is not affected by the bias we observe in simulated experiments. The bias is of the order of the statistical uncertainty for input values of ∆Γ or 2β s close to zero, which are near to the SM expectation. The bias can be understood from Eq. (1). If 2β s approaches zero, the two terms proportional to sin(2β s ) vanish, and this analysis becomes insensitive to δ ⊥ . The same effective loss of degrees of freedom in the fit occurs when ∆Γ approaches zero and multiple degenerate solutions for 2β s and δ ⊥ exist.
To obtain the likelihood ratio distribution for given values of ∆Γ and 2β s , we use experiments simulated with values for all other parameters determined by a fit to data [16] . We checked that alternate choices of these values do not affect the coverage properties of our algorithm. Systematic uncertainties are not included in the algorithm, since they are all negligible.
The resulting confidence region is shown in Fig. 4 . Since both B 0 s mass eigenstates have the same angular distribution at 2β s = ±π/2, the sensitivity on ∆Γ decreases towards this value. For the SM expectation (∆Γ ≈ 0.1 ps −1 and 2β s ≈ 0), we find the probability to get an equal or greater likelihood ratio than the one observed in data to be p = 22 %, corresponding to an agreement at 1.2 Gaussian standard deviations.
In summary, we report the measurement of the mean lifetime, the width difference, and the amplitudes in B 0 s → J/ψ φ decays assuming CP conservation. This
